Abstract-Understanding the effect of cold storage on arterial tissues is essential in various clinical and experimental practices. Cold storage techniques could significantly affect the post-cryosurgical or post-cryopreservation mechanical behavior of arteries. Previously, arteries were considered homogenous and elastic and the changes in material properties due to cold storage were inconclusive. In this study, using a custom-made nanoindentation device, changes to the local viscoelastic properties of porcine thoracic aorta wall due to three common storage temperatures (+4, 220, and 280°C) within 24 h, 48 h, 1 week, and 3 weeks were characterized. The changes to both elastic and relaxation behaviors were investigated considering the multilayer, heterogeneous nature of the aortic wall. The results showed that the average instantaneous Young's modulus (E) of +4°C storage samples decreased while their permanent average relaxation amplitude (G ¥ ) increased and after 48 h these changes became significant (10 and 13% for E and G ¥ , respectively). Generally, in freezer storage, E increased and G ¥ showed no significant change. In prolonged preservation (>1 week), the results of 220°C showed significant increase in E (20% after 3 weeks) while this increase for 280°C was not significant, making it a better choice for tissue cold storage applications.
INTRODUCTION
Preservation and storage of biological tissues for different periods of time are challenging tasks for subsequent use in experimental and clinical practices.
For example, arterial homografts, which are used to repair or replace diseased arteries, are often preserved using cold storage or freezing protocols for various time periods before being used. 10, 15, 25, 26 Moreover, implementation of novel techniques for developing mechanical characteristics of arteries, such as nanoindentation or atomic force microscopy (AFM), requires smooth surfaces that can be achieved easier using a cryomicrotome. 2, 9 Cold storage can damage the material and substructure of arteries, e.g. collagen network or smooth muscle cells (SMC), due to water redistribution and formation of ice crystals. 1, 14, 18, 20, 29 These changes imply that the storage techniques may alter the tissue mechanical characteristics which could affect the post-cryosurgical or post-cryopreservation performance of arteries. Although many studies are performed to investigate the biological aspects of such treatments, little is known about the changes to the mechanical properties due to cold storage as the studies in this area are limited and inconclusive.
Many of previous studies are limited to uniaxial tensile and ring stretching tests in order to determine the Young's modulus (modulus of elasticity) of arteries. 1, 21, 26, 28 Adham et al.
1 evaluated mechanical characteristics of human descending thoracic aorta after preservation at +4°C in EuroCollins solution for 4, 7, 21, and 31 days or cryopreserved at 2135°C for 2 and 4 months. Their results indicated that no differences were found between cryopreserved aorta and fresh specimens. They found a reduction in the Young's modulus at large strains for samples preserved at +4°C; however, the difference was not statistically significant. Pukacki et al. 21 assessed the effect of cryopreservation at 280°C for 22 days on the elasticity and compliance of arterial allografts undergoing uniaxial tensile tests. They used unpaired Student's t-test and found that the Young's modulus of the control group was not significantly different from the cryopreserved group. Graham et al. 8 in a study on the effect of aging on the mechanical properties of aorta reported no observable difference in the quasi-static engineering stress-strain curves between fresh and thawed (after snap freezing in liquid nitrogen) sheep aortas at strains up to 80%. Venkatasubramanian et al. 28 tested frozen-thawed pig femoral arteries in a controlled rate freezer and found that the modulus of elasticity was higher compared to fresh samples in the physiological regime (stress below 50 kPa). Uniaxial results of Stemper et al. 26 on porcine aorta showed that Young's modulus significantly decreased in 24-and 48-h-refrigerated specimens compared to fresh specimens, but fresh and frozen (220 and 280°C for 3 months) results were not significantly different. Chow and Zhang 4 used biaxial tensile testing to measure the changes in the mechanical properties of bovine thoracic aortas that had been stored at three common storage temperatures (+4°C up to 48 h; 220 and 280°C up to 3 weeks). Their refrigerated samples showed a significant decrease in the initial slope of the stress-strain curve. For the frozen samples, they concluded no significant change in the initial slope. However, their statistical results showed that for 220°C the initial slope generally decreased.
The muscular artery is a dynamic tissue composed of three layers. 11 The innermost layer is the intima that is composed of a single layer of endothelial cells. The middle layer or media consists of elastic lamellae, interlamellar elastin fibers, and collagen fibers between them. The interlamellar elastin fibers include radial elastin struts that branch from one elastic lamella and extend to an adjacent lamella, providing a direct radial interlamellar connection. The lamellar and interlamellar units form a cage-like structure and surround the SMC. 19 The outermost layer or adventitia is composed of mostly longitudinally running collagen fibers, thin elastic fibers, fibroblasts, and capillaries. Despite this heterogeneous anatomy, in previous studies related to cold storage, the arterial wall was considered as a homogeneous single layer vessel. The mechanical characteristics of physically separated arterial layers have been studied by a few investigators 12, 27 but the effect of cold storage on arterial layers has not been reported. Moreover the focus of previous investigations on the effects of cold storage was the elastic properties and the viscoelasticity of arteries was ignored. 7 Nanoindentation has recently emerged in tissue engineering applications as a viable technique for assessment of the local mechanical properties of soft tissues including vascular tissues. 2, 6, 16 Matsumoto et al. 17 developed a scanning micro indentation setup, a scaled-up version of AFM (with 0.5 lm resolution), and determined the distribution of the longitudinal and transverse Young's modulus of the lamellar unit (separated media) of porcine aorta in the range of 50-180 kPa. They proposed that the lower and higher values corresponded to SMC and elastic lamina, respectively.
In this study, using a nanoindentation technique, changes to the viscoelastic properties (both elastic and relaxation behaviors) of porcine thoracic aorta wall due to cold storage at several time points were characterized with a resolution that addresses the multilayer nature of arteries. The results could be used as a reference for the effects of cold storage on arteries in experimental and clinical applications.
MATERIALS AND METHODS
Fourteen porcine aortas were excised from sacrificed pigs at a local slaughterhouse (Hatfield Quality Meats, Hatfield, PA) immediately post-mortem and submerged in phosphate buffered solution (PBS) and stored in an ice-filled cooler while transported to the laboratory. After removing the surrounding tissues, aortas were cut in the transverse direction in 8-10 mmlong cylindrical samples using a razor blade. A cylinder of polyethylene foam (McMaster-carr Catalog No. 93295K35, 15.87 mm diameter) that cut easier than aorta, was inserted in the aortas to prevent excessive folding and allow cutting straight edges. In total, 74 samples were extracted and divided into three categories of storage temperatures based on their location: The refrigerator, i.e., +4°C storage group (n = 21) from approximately 7 cm inferior to the left subclavian artery; the 220°C storage group (n = 27) at the first intercostal arteries and the 280°C storage group (n = 26) from 4 cm inferior to 220°C group (Fig. 1a) . The time duration for refrigerator storage was 24 and 48 h and for the freezer storage was 48 h, 1 week, and 3 weeks (each time subgroup consisted of 6 or 7 samples). These storage times are also used in several previous studies. 4, 21, 26 For each storage group, adjacent fresh samples were extracted as controls. To minimize the variability due to the longitudinal location, the axial distance between indentation locations in each storage group and the corresponding fresh controls was less than 10 mm.
A custom-made test setup was designed to perform the nanoindentation tests ( Fig. 2) consisting of a Z-axis nano-positioner with 0.2 nm resolution and 100 lm range of motion (Nano-Z100, MCL, WI) combined with a horizontal piezo micro-positioner (M-663.4 PX, PI, MA). The test setup was mounted on an active vibration isolation table (TMC 63-533, Peabody, MA). A conical indenter (XPT, Agilent Technologies, CA, 55°tip angle, 10 lm tip rounding radius) was attached to a force transducer (Model 406A, Aurora Scientific, Ontario, Canada) with resolution of 0.1 lN. The setup is equipped with a 3009 stereo microscope (Olympus SZX7) for contact visualization.
Soft tissues material properties are sensitive to hydration. 25 Preliminary results showed that the elastic modulus of aorta increased when the tissue dried. Therefore, to avoid dehydration, samples were placed in a 15 mm height aluminum container and were submerged to their top surface in PBS (Fig. 1b) . Since the density of aorta is more than PBS, samples stayed stationary and no adhesive was used. As the indenter tip was lowered to make contact with the sample top surface, it first became in contact with a thin layer of PBS and resulted in a small tensile load due to the liquid surface tension. The tip was lowered further to the point when the tensile load started to decrease, which was considered to be the initial point of contact with the tissue.
The indentation tests were performed in the longitudinal direction at various points along the thickness of the aorta wall (Fig. 1c) . For each sample, the indenter tip was aligned to the outermost layer of aorta and the first point of indentation was 100 lm inward from this point. Successive indentation tests were performed toward the innermost layer with distances of 100 or 200 lm between the points. The average wall thickness was 1.76 ± 0.05 mm. In total, 611 points were reported that were tested at 90°counter-clockwise with respect to intercostal arteries to minimize the variability due to the circumferential location. Samples were moved upward toward the indenter with a ramp and hold displacement with 40 lm indentation depth, 10 ms ramp time and 30 s hold time. The force and displacement data were collected at 5 kHz. Freezer storage samples were embedded in Optimal Cutting Temperature compound (Tissue-Tek O.C.T. Compound, Sakura Finetek, Torrance, CA) and covered with a cylindrical aluminum foil (with an outer diameter about 5 mm larger than the aorta diameter) and were fast frozen (1 min) by submerging in liquid nitrogen. Keeping this period short helps preventing water movement in the tissue and minimizing structural changes to the tissue. 28 Prior to experiments, frozen samples were thawed for 1 h at the ambient temperature and all indentation tests were conducted at the room temperature (25°C).
THEORY
The mechanical behavior of the vessel was characterized assuming the material to be locally homogeneous, isotropic, and linearly viscoelastic. The force history of the indenter P(t) was written in terms of the indentation depth h(t) using a quasi-linear viscoelastic (QLV) model 7 :
in which P e (h) is the instantaneous elastic force that can generally be a nonlinear function of h. G(t) is the reduced relaxation function that was assumed to be a Prony series:
in which G i and b i represent the relaxation amplitudes and decay rates, respectively. According to the ramp and relaxation times, four decay rates were chosen to capture the decays that occurred on the orders of magnitude of 0.01, 0.1, 1.0, and 10.0 s. The total elastic load necessary to cause a penetration h for a conical indenter can be written as 24 :
where b is the cone angle with respect to the horizontal axis (b = 62.5°), E is the Young's modulus, and v is the Poisson's ratio which was assumed to be 0.5 (incompressible) for aorta due to its high water content. The short and long term viscoelastic behaviors are manifested in E and G ¥ indicating the instantaneous stiffness and the steady state decay of the material response, respectively. Comparisons of samples mechanical characteristics were mainly made based on the distribution of these two parameters over the thickness of aorta. The long-term (steady state) Young's modulus E ¥ can be calculated from EG ¥ .
TEST SETUP VALIDATION
To calibrate the test setup and check the repeatability of the results, indentation tests were conducted on a cylindrical homogeneous extra soft polyurethane specimen with Durometer grade 7A (McMaster-Carr Catalog No. 20125K61, 12.7 mm diameter) using a flat indenter (tungsten carbide with 200 lm diameter) and the conical indenter. The calibration specimen was placed vertically and indentation was conducted in the axial direction and repeated at three different locations.
The correspondence principle that is assumed in writing Eq. (1) requires the contact area to be constant during the indentation test (as in a flat indenter), whereas in the case of conical indenter the contact area increases with penetration depth. From the calibration tests conducted on the polyurethane sample with the flat indenter, the instantaneous Young's modulus was determined to be approximately 500 kPa which is in agreement with the reported data for Duromoeter 7A rubber. 22 Furthermore, the ratios of experimental to theoretical instantaneous Young's moduli were determined for various penetration depths (Fig. 3) . For a flat indenter, where the correspondence principle applies, a ratio of approximately 1 was obtained with some deviation that can be explained by the material nonlinearity. Using the conical indenter, the material instantaneous Young's modulus was overestimated. A correction factor, as a function of indentation depth, was defined for the conical indenter which was about 4 for the depth of 40 lm used in this study. This correction factor is expected to be merely a geometric factor for a specific loading rate that depends on the indenter shape and not the material properties. The relaxation behavior for both indenters was determined to be the same and independent of the penetration depth which implied that the given correction factor is independent of the material properties. 
RESULTS
The viscoelastic model coefficients (Eqs. 2 and 3) were obtained by fitting the model to the whole experimental force history curves using a direct integration technique for a viscoelastic response 23 and the method of least squares. The relaxation data was resampled (0-0.05 s at 5 kHz, 0.05-1 s at 250 Hz, 1-30 s at 5 Hz) to give approximately equal weights to different time scales. As shown in a representative curve fit in Fig. 4 , the experimental forces were matched adequately by the model and overall R 2 values of 0.9 or greater were achieved. The transient vibration observed in the response after the peak force was due to samples' natural frequency which was neglected by the viscoelastic model. The force displacement curves in the ramp region (Fig. 5) showed that the QLV model closely followed the experimental data and they both showed a second order behavior that is in agreement with Eq. (3). The deviation of the experimental and QLV results with respect to the elastic model at higher indentation depths is due to viscoelastic relaxation which is small due to the small ramp time.
The results of E and G ¥ for refrigerated and frozen samples are summarized in Tables 1 and 2 along with the p values of paired two-tail t-tests for comparing different storage times with respect to the corresponding fresh control samples (p < 0.05 was considered to be significant). The results demonstrate that the instantaneous Young's modulus of refrigerate storage samples decreased (Fig. 6 ) and their G ¥ increased. After 48 h, these changes became significant (10 and 13% for E and G ¥ , respectively) while there was no significant difference between the 24-and 48-h results.
The results in Table 2 imply that the instantaneous Young's modulus generally increased with time in freezer storage samples (Fig. 7) . The changes were small for short time storage (£1 week) in both temperatures and no significant difference was observed.
However, for long term storage, the change in 220°C was larger than 280°C and resulted in a significant increase (20%) in E after 3 weeks. The statistical results of G ¥ showed there was no significant difference in the relaxation behavior in freezer storage samples.
Separated comparison of media and adventitia (inner and outer halves) revealed that when the changes of Young's modulus due to storage were significant, i.e., fresh vs. +4°C after 48 h and fresh vs. 220°C after 3 weeks, the change in media was more pronounced than adventitia since it showed a smaller p-value (Table 3) .
Comparison of the results of 220 and 280°C fresh specimens showed that their instantaneous Young's moduli are significantly different (p = 0.03 for paired t-test) and there was 7.3% increase for 4 cm distal distance. However, comparisons of the coefficients of reduced relaxation functions of the two groups revealed that they were not significantly different. In other words, the aortas were homogeneous with respect to the relaxation properties but inhomogeneous with respect to the elastic properties.
DISCUSSION
An indentation technique was developed to study the changes in the elastic and relaxation behavior of porcine thoracic arterial wall due to cold storage. This technique enabled calculating local material properties with approximately 40 lm resolution in the wall thickness without physically separating the layers. The cylindrical shape of the samples caused tissues to remain intact in the circumferential direction and keep the circumferential residual stress. However, the longitudinal residual stress was clearly lost in the samples. The obtained instantaneous Young's moduli of samples are consistent with the range of 50-180 kPa reported in the literature for porcine aorta in physiological strains (below 30%). 17, 28 The refrigerator storage results showed that there was a decreasing trend in the instantaneous Young's modulus which became significantly different after 48 h. This trend is consistent with other studies. 1, 4, 26 Freezer storage results revealed that there was a general trend of increase in the instantaneous Young's modulus with respect to the storage time. A significant increase (20%) was observed in the 220°C group after 3 weeks. This trend is in agreement with results of Pukacki et al. 21 and Stemper et al. 26 The changes in the 280°C group, which is the standard storage temperature in most biological labs, showed similar trends but was consistently not significant, making it a better choice for tissue storage applications.
In several studies 1, 14, 21 changes in the material properties due to freezer storage did not result in statistically significant trends while this study clearly showed that storage at 280°C was advantageous to 220°C with respect to the preservation of material properties. The reason that the methodology used in this study is more sensitive than previous studies is twofold. First, the sample preparation and nanoindentation methods allowed minimization of material heterogeneity in the axial and circumferential directions and determination of the radial (through thickness) distribution of material properties with sub-millimeter resolution. Second, the applied experimental design allowed proximity of indentation test locations (less than 10 mm apart) and as result the paired t-test comparison could be employed which is more sensitive than the unpaired t-test used in other studies. In other words, application of the paired test eliminated the sample to sample variability that could be comparable to the changes in each aorta due to cold storage.
A few studies have investigated the biochemical effects of freezer storage on arteries. Venkatasubramanian et al. 28 showed that cell injury could happen in frozen pig arteries. Chow and Zhang 4 investigated the biochemical changes in the collagen network. Their results showed there was a significant decrease in the amounts of acid soluble, pepsin soluble, and insoluble collagen in frozen samples after 1 and 3 weeks storage time but the percent of cross-linked collagen did not change significantly. Therefore, the observed changes in mechanical properties may be attributed to reduced contributions from SMC and collagen to the overall mechanical properties. It is generally accepted that when frozen at 220°C, lysogenic enzymes are not completely denatured, but at 280°C they are. Therefore, when the aortas are frozen at 220°C, a small percentage of cells would lyse and release their enzymes into the tissue. If the enzymes had been inactivated (at 280°C), then there would be less degradation of SMC than an aorta that had been exposed to autolytic enzyme.
The separated comparison of media and adventitia revealed that when significant changes were observed in the instantaneous Young's modulus, these changes were more pronounced in media, concluding that media could be more vulnerable than adventitia to cold storage. The cellular composition of media is different from that of adventitia, particularly with respect to SMC and elastic lamina composition. The effect of freezing on SMC, as discussed above, can explain why the changes in media due to freezing were more significant than adventitia. Moreover, it can be concluded that in medium size arteries (muscular), that the proportion of SMC is higher than in large (elastic) arteries, the effect of freezing would be more pronounced. The long-term viscoelastic behavior of aortic tissue was characterized by G ¥ which showed that the steadystate Young's modulus for fresh samples was about 34% of the instantaneous Young's modulus, confirming the viscoelastic assumption for aorta material behavior. Comparing the G ¥ results of different storage types revealed that freezer storage kept G ¥ unchanged while refrigerator storage increased G ¥ more than 13% after 48 h, i.e., the tissue became more elastic.
Surface detection is a challenge in nanoindentation of soft materials and the changes in the adhesion force curve are generally used to determine the point of contact. 3, 5, 13 In this study, the adhesion force between the PBS layer and indenter tip was maximum 6 lN tension and the initial decrease in this force (after about 1-2 lm displacement) was considered as the point of contact which is agreement with Cao et al. 3 This force was much smaller than the maximum indentation force (about 170 lN) .
A limitation of this study is that Eq. (3) used for the elastic solution of conical indenters is derived for infinitesimal deformations. However, since the deviation of the model result from experimental data in the ramp phase was negligible (Fig. 5) , it was concluded that using this equation in this study was valid. The QLV model it is the most widely used viscoelastic model for soft tissues including arteries. 7 The independence of the reduced relaxation function from strain (a fundamental assumption in the QLV theory) was not verified in this study. However, the good matches between the experimental and model results in both ramp and relaxation regions justified the application of this model. The transient vibration observed in the relaxation responses was due to samples' natural frequency that is related to their geometry and material properties. Also, the ramp rate was relatively high (10 ms), which caused the transient vibration to be more pronounced. The high ramp rate used enabled obtaining a better estimate of the instantaneous elastic response for applications involving injuries and rupture. It was assumed that the effect of this transient vibration was negligible in the conclusions of this study as the viscoelastic model goes approximately through the local average forces. The amplitude of vibration can be reduced by reducing the sample thickness. Sectioning of the tissue involves local plastic deformation and failure and may result in changes in the material properties of the separated surfaces. In this study, the same sectioning method, i.e., cutting fresh aortas with a razor blade was used for all the samples to the make comparison of different storage methods with fresh tissues meaningful.
The results of this study could be used as a reference for arteries cold storage in experimental and clinical applications. Particularly since the results of instant freezing showed no difference for less than 1 week storage, arteries could be cryosectioned to get improved surface qualities for studies requiring nanoindentation or AFM methods.
